Sulfonylureas may stimulate glucose metabolism by protein kinase C (PKC) activation. Because interaction of insulin receptors with PKC plays an important role in controlling the intracellular sorting of the insulin-receptor complex, we investigated the possibility that the sulfonylurea glimepiride may influence intracellular routing of insulin and its receptor through a mechanism involving PKC, and that changes in these processes may be associated with improved insulin action. Using human hepatoma Hep-G2 cells, we found that glimepiride did not affect insulin binding, insulin receptor isoform expression, and insulininduced receptor internalization. By contrast, glimepiride significantly increased intracellular dissociation of the insulin-receptor complex, degradation of insulin, recycling of internalized insulin receptors, release of internalized radioactivity, and prevented insulin-induced receptor down-regulation. Association of PKC-␤II and -⑀ with insulin receptors was increased in glimepiride-treated cells. Selective depletion of cellular PKC-␤II and -⑀ by exposure to 12-O-tetradecanoylphorbol-13-acetate (TPA) or treatment of cells with PKC-␤II inhibitor G06976 reversed the effect of glimepiride on intracellular insulin-receptor processing. Glimepiride increased the effects of insulin on glucose incorporation into glycogen by enhancing both sensitivity and maximal efficacy of insulin. Exposing cells to TPA or G06976 inhibitor reversed these effects. Results indicate that glimepiride increases intracellular sorting of the insulin-receptor complex toward the degradative route, which is associated with both an increased association of the insulin receptor with PKCs and improved insulin action. These data suggest a novel mechanism of action of sulfonylurea, which may have a therapeutic impact on the treatment of type 2 diabetes.
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Sulfonylurea drugs have been widely used in the therapy of type 2 diabetes since the discovery of their hypoglycemic effects more than 40 years ago. The hypoglycemic action of sulfonylureas has been attributed primarily to acute stimulation of insulin secretion by pancreas (Lebovitz, 1984) . Additional extrapancreatic actions of sulfonylureas on glucose metabolism have been first suggested by the observation that chronic sulfonylurea treatment of patients with type 2 diabetes results in improved glucose tolerance in the absence of elevated insulin levels (Kolterman et al., 1984) . Further in vivo studies in humans (Simonson et al., 1984) and animals (Hirshman and Horton, 1990) have documented improvement in glucose tolerance associated with an improvement in insulin sensitivity. A number of in vitro studies have confirmed that sulfonylureas directly stimulate glucose metabolism and increase insulin sensitivity in target tissue of insulin action (Rogers et al., 1987; Muller and Wied, 1993; Tsiani et al., 1995) .
The concentration of insulin in plasma is the result of both its rate of secretion from pancreatic ␤-cells and its rate of clearance from the plasma. Receptor-mediated insulin endocytosis is the main mechanism for insulin clearance from the circulation, and liver is a major site of insulin degradation in vivo. After binding of insulin to its receptor located on the cell surface, the hormone-receptor complex is internalized through the formation of clathrin-coated vesicles, and is delivered to endosomes (Carpentier, 1994) . Acidification of endosomes allows the dissociation of insulin from its receptor and their sorting in different directions. Most of the internalized hormone is targeted to lysosomes where it is degraded to low-molecular-mass products, whereas a smaller fraction remains intact. Both degradation products and intact insulin are segregated in recycling vesicles and released from cell (Marshall, 1985a; Levy and Olefsky, 1987) . By contrast, most of the internalized receptor is recycled to the cell surface to be reutilized, and only a small fraction is degraded (Marshall, 1985b) . Several lines of evidence suggest that internalization and intracellular processing of the insulin-receptor complex may play a role in insulin action (Peavy et al., 1984; Veda et al., 1985; Jochen and Berhanu, 1987; Miller, 1988) . Association between impaired in vivo insulin clearance and action have been reported in subjects with insulin resistance (Ferrannini et al., 1982; Flier et al., 1982) . Moreover, defects in insulin-receptor internalization and processing have been reported in various cells from patients with type 2 diabetes mellitus including circulating monocytes (Grunberger et al., 1989; Trischitta et al., 1989; Benzi et al., 1990; Benzi et al., 1997) , isolated adipocytes (Jochen et al., 1986) and cultured Epstein Barr virus-transformed lymphocytes (Sesti et al., 1996) , thus suggesting that abnormalities of these processes might contribute to the insulin resistance of type 2 diabetes. Overall, these findings raise the possibility that a sulfonylurea-induced improvement in intracellular insulin degradation may explain the decrease in plasma insulin levels associated with improved glucose tolerance observed in patients with type 2 diabetes chronically treated with sulfonylureas (Kolterman et al., 1984) . The molecular mechanism by which sulfonylureas act remains unclear, although most of the available data suggest that sulfonylureas act at postreceptor level (Jacobs et al., 1987; Bak et al., 1989) . Some evidence suggests that sulfonylureas stimulate glucose transport through a mechanism involving protein kinase C (PKC) activation (Cooper et al., 1990) . Evidence is also available showing that interaction of the insulin receptor with PKC plays an important role in controlling the intracellular sorting of the insulin-receptor complex toward the degradative route . We therefore inquired whether sulfonylureas might influence intracellular routing of insulin and its receptor through a mechanism involving PKC and whether changes in these processes are associated with an improvement in the metabolic action of insulin. To this end, we have used the human hepatoma cell line Hep-G2 to examine the effects of glimepiride, a novel sulfonylurea drug, on insulin-induced receptor internalization and recycling, and intracellular insulin degradation. The results show that glimepiride increased intracellular sorting of the insulin-receptor complex toward the degradative route that was associated with both an increased association of the insulin receptor with PKC and improved insulin responsiveness and sensitivity for glucose incorporation into glycogen. These data suggest a novel mechanism of action of sulfonylurea, which may have a therapeutic impact on the treatment of type 2 diabetes.
Experimental Procedures

Materials.
125 I-Tyr
A14
-monoiodoinsulin (300-350 Ci/g)was purchased from Amersham Pharmacia Biotech (Milano, Italy). The IgG fraction (I-2 IgG) of the human antiserum, which recognizes exclusively the Ex11 Ϫ insulin receptor isoform (Ullrich et al., 1985) was isolated by affinity chromatography on a protein-A Sepharose CL4B column, as described previously (Sesti et al., 1992 (Sesti et al., , 1994a ). An anti-insulin receptor polyclonal antibody to the COOH-terminus of the ␤-subunit was produced as described previously (Sesti et al., 1994b) . Antiphosphotyrosine polyclonal antibody was from Transduction Laboratories (Lexington, KY). Polyclonal antibodies directed toward specific PKC isoforms were from Life Technologies (Grand Island, NY). A polyclonal anti-PKC-␤II antibody was from Santa Cruz Biotechnology, Inc (Santa Cruz, CA). PKC-␤II inhibitor G06976 was purchased from Calbiochem (La Jolla, CA). SDS-polyacrylamide gel electrophoresis (PAGE) and Western blot reagents were from Bio-Rad (Richmond, CA). Anti-IRS-1 and anti-IRS-2 polyclonal antibodies were purchased from UBI (Lake Placid, NY). Enhanced chemiluminescence reagent detection system (SuperSignal CL-HRP Substrate System) was from Pierce (Rockford, IL). All other chemicals were from Sigma Chemicals Co. (St. Louis, MO).
125
I-Insulin Binding and Quantification of Relative Abundance of the Two Receptor Isoforms.
125 I-insulin binding studies and measurements of relative abundance of the two insulin receptor protein isoforms were performed as described previously (Sesti et al., 1992 (Sesti et al., , 1994a . Briefly, Hep-G2 cells were cultured in the presence or absence of various concentrations of glimepiride for the indicated periods of time. Thereafter, cells were rinsed twice with DMEM containing 1% bovine serum albumin (BSA), and incubated with 125 I-insulin (50 pmol/l) for 16 h at 4°C in the presence or absence of increasing concentrations of unlabeled insulin or I-2 IgG. Bound radioactivity was determined by washing cells twice with ice-cold PBS, and scraping cells from wells with 0.03% SDS. Quantification of the two insulin receptor mRNA splicing isoforms by reverse transcription reaction, followed by polymerase chain reaction, was performed according to methods described previously (Sesti et al., 1994a) .
Insulin Receptor and IRS-1/IRS-2 Tyrosine Phosphorylation. Hep-G2 cells cultured in the presence or absence of glimepiride for 72 h were rinsed twice with DMEM/1% BSA and incubated with 100 nM insulin for the indicated periods of time at 37°C. At the end of incubation, cells were washed with ice-cold PBS and lysed for 45 min at 4°C in lysis buffer containing 20 mM Tris-HCL, pH 7.6, 137 mM NaCl, 2 mM EDTA, 10 mM NaPP, 2 mM sodium orthovanadate, 10 mM NaF, 8 g/ml leupeptin, 2 mM phenylmethylsulfonyl fluoride, 2 mM Na 3 VO 4 , 10% glycerol, and 1.5% Nonidet P-40. Insoluble material was removed by centrifugation in Microfuge for 10 min, and the supernatant was saved. Equal amounts of cell lysates were incubated for 16 h at 4°C with 5 g of anti-insulin receptor, anti-IRS-1 antibody, or anti-IRS-2 antibody. Immune complexes were collected by incubation with protein A-Sepharose for 2 h at 4°C, and equal amounts of immunoprecipitated proteins were subjected to SDS-PAGE under reducing conditions. Proteins resolved by SDS-PAGE were electrophoretically transferred to nitrocellulose membrane. The nonspecific binding sites of membranes were blocked by a 2 h incubation in 10 mM Tris, pH 7.5, and 150 mM NaCl buffer with 0.1% Tween 20 and 1% BSA. The membranes were then incubated for 1 h at room temperature with peroxidase-conjugated antiphosphotyrosine antibody. Proteins were detected by using enhanced chemiluminescence, and band densities were quantified by densitometry using a Fluor-S MultiImager (Bio-Rad).
Insulin-Receptor Complex Internalization-Single Cohort Method. Hep-G2 cells cultured in the presence or absence of glimepiride for the indicated periods of time were washed twice with DMEM containing 1% BSA, and incubated for 4 h at 4°C in the presence of 125 I-insulin (50 pmol/l). Unbound 125 I-insulin was then removed by three additional washes with cold DMEM. Cells were then rapidly warmed by the addition of DMEM/1% BSA at 37°C and incubated at 37°C for the indicated periods of time. Thereafter, cells were acid washed with sodium acetate buffer, pH 3, for 5 min at 4°C to determine the fraction of internalized radioactivity or were washed twice with ice-cold PBS to determine total cell-associated radioactivity. Cells were then solubilized with 0.03% SDS and radioactivity was counted.
Insulin-Induced Receptor Internalization and Recycling. Hep-G2 cells were cultured in the presence or absence of various concentrations of glimepiride for the indicated periods of time. Thereafter, cells were rinsed twice with DMEM/1% BSA, and incubated in the presence or absence of 1 nmol/l unlabeled insulin for the I-insulin (50 pmol/l) was added to cells and insulin binding to cell-surface receptors was carried out for 16 h at 4°C. Bound radioactivity was determined by washing cells twice with PBS, and solubilizing cells with 0.03% SDS. In all experiments, nonspecific binding, defined as the binding in the presence of 1 mol/l unlabeled insulin, was subtracted, and it was always less than 10% of total binding.
Release of Internalized Radioactivity. Hep-G2 cells cultured in the presence or absence of glimepiride for 72 h were rinsed twice with DMEM/1% BSA and incubated with 600 pmol/l of 125 I-insulin for 60 min at 37°C to reach maximum insulin internalization. Thereafter, cells were acid washed for 15 min at 4°C to remove 125 I-insulin bound to cell-surface receptors, and incubated in DMEM/1% BSA for the indicated periods of time at 37°C. The amount of residual intracellular radioactivity was determined by washing cells twice and solubilizing cells with 0.03% SDS. The nature of the radioactivity released by cells in the incubation medium was analyzed by both trichloroacetic acid (TCA) precipitability and Sephadex G-50 column chromatography.
Dissociation of the Internalized Insulin-Receptor Complex. The proportion of the intracellular 125 I-insulin that remained bound to the receptor was determined by the polyethylene glycol (PEG) assay previously described (Levy and Olefsky, 1988; Sesti et al., 1996) . Using this method, PEG-precipitable radioactivity represents 125 I-insulin bound to the receptor, whereas PEG-soluble material represents radioactivity that had dissociated from the internalized receptor.
Association of the Insulin Receptor with PKC. Hep-G2 cells cultured in the presence or absence of glimepiride for 72 h were rinsed twice with DMEM/1% BSA and incubated with 100 nM insulin for the indicated periods of time at 37°C. At the end of incubation, cells were washed with ice-cold PBS and lysed for 30 min at 4°C in lysis buffer. Insoluble material was removed by centrifugation, and cell lysates were incubated for 16 h at 4°C with 1 g anti-insulin receptor antibody followed by incubation with protein A-Sepharose for 2 h at 4°C. Equal amounts of immunoprecipitated proteins were subjected to SDS-PAGE under reducing conditions, and electrophoretically transferred to nitrocellulose membranes. The membranes were then incubated for 16 h at 4°C with isoform-specific PKC antibodies. After extensive washings, the blots were incubated with peroxidase-conjugated goat anti-rabbit IgG antibodies. Proteins were detected by using enhanced chemiluminescence, and band densities were quantified by densitometry.
Glucose Incorporation into Glycogen. Hep-G2 cells cultured in the presence or absence of glimepiride for 72 h were rinsed twice with DMEM/1% BSA and incubated with the same medium containing 25 mM HEPES, pH 7.6, and glucose (final concentration, 2.5 mM) for 3 h at 37°C. Insulin at the indicated concentrations and [U-14 C]glucose (4 Ci) were then added to each well followed by a 2-h incubation. Wells were washed with PBS, and cells were solubilized in 0.5 ml 30% KOH containing 2 mg of unlabeled glycogen and incubated for 30 min at 37°C. The mixture was boiled for 15 min and glycogen was precipitated in 70% ethanol on ice. The precipitate was pelleted by centrifugation, washed with 70% ethanol, and dissolved in water. Radioactivity was determined by scintillation counting.
Statistical Analysis. All data are expressed as the mean Ϯ S.D. and analyzed statistically by unpaired Student's t test. When appropriate, a two-way analysis of variance test was used to compare data from the cell lines. 125 I-insulin bound versus total added radioactivity) ϭ 12 Ϯ 3 and 11 Ϯ 3%, respectively]. The relative abundance of the two insulin receptor isoforms (Ex11 Ϫ and Ex11 ϩ ) was measured by an immunoassay validated previously (Sesti et al., 1992 (Sesti et al., , 1994a ). This assay is based upon the ability of a human anti-receptor autoantibody (I-2 IgG) to inhibit 125 I-insulin binding to the Ex11 Ϫ receptor isoform expressed on cell surface without affecting insulin binding to the Ex11 ϩ isoform (Sesti et al., 1992 (Sesti et al., , 1994a . Maximally effective concentration of I-2 IgG (2 mol/l) inhibited 125 I-insulin binding to glimepiride-treated cells by 53 Ϯ 3% and to untreated cells by 57 Ϯ 6%. Same results were obtained when a polymerase chain reaction-based assay was used to determine the relative abundance of the two receptor mRNA transcripts (data not shown). Therefore, no significant differences were found in total cell-associated radioactivity, insulin binding affinity, and relative abundance of insulin receptor isoforms in glimepiride-treated cells compared with untreated cells. To investigate whether glimepiride affects postbinding insulin effects, insulin-induced receptor phosphorylation was determined. As shown in Fig. 1 , insulin stimulated tyrosine phosphorylation of its receptor to the same extent in both glimepiride-treated and Fig. 1 . Tyrosine phosphorylation of the insulin receptor and IRS-2 in response to insulin. Hep-G2 cells cultured in the absence or presence of 20 mol/l glimepiride for 72 h were exposed to 100 nM insulin for 5 min. The cells were lysed and equal amounts of proteins were immunoprecipitated with anti-insulin receptor (top) or anti-IRS-2 (bottom) antibody, separated by SDS-PAGE, transferred to nitrocellulose membrane, and Western immunoblotted with anti-phosphotyrosine antibody. Proteins were detected by using enhanced chemiluminescence, and band densities were quantified by densitometry. The autoradiographs shown are representative of three independent experiments. -untreated cells. Some evidence suggests that IRS-2 is the main effector of both metabolic and mitogenic actions of insulin in hepatocytes (Rother et al., 1998) . We therefore inquired whether glimepiride affects the ability of insulin to activate IRS-2. As shown in Fig. 1 , tyrosine phosphorylation of IRS-2 in response to insulin was similar in both glimepiride-treated and untreated cells. In addition, insulinstimulated tyrosine phosphorylation of IRS-1 did not differ between glimepiride-treated and -untreated cells (data not shown).
Results
Insulin
Insulin-Receptor Complex Internalization. As shown in Fig. 2 , both glimepiride-treated and -untreated cells rapidly internalize the cell surface bound 125 I-insulin; maximal effect occurs after 20 min of incubation at 37°C. Preincubation of cells with glimepiride for various periods of time did not affect either the rates of 125 I-insulin internalization or the amount of internalized 125 I-insulin. Insulin-Induced Receptor Internalization and Receptor Recycling. The time course of insulin-induced receptor internalization was studied in Hep-G2 cells cultured for 72 h in the presence or absence of 20 mol/l glimepiride, and exposed to 1 nmol/l native insulin for 30 min at 37°C. Previous studies have shown that under these conditions, insulin receptors are internalized through an endocytotic pathway involving coated-pits and endosomal acidification (Levy and Olefsky, 1987; McClain and Olefsky, 1988) . After exposure to insulin, a significant reduction of the subsequent cell-surface 125 I-insulin binding was seen within 5 min, and apparent steady state levels were reached after 20 min in both glimepiride-treated and -untreated cells. When cells were incubated with insulin at 4°C, insulin-induced receptor internalization was Ͻ3% in both cases. Exposure of cells to 1 nmol/l insulin for 30 min reduced subsequent cell-surface 125 I-insulin binding to a similar extent in control and glimepiride-treated cells (59 Ϯ 2 versus 60 Ϯ 4% of initial binding values, respectively). By contrast, the recovery of initial 125 I-insulin binding was significantly higher in cells treated with glimepiride than in control cells (111 Ϯ 6 versus 90 Ϯ 2%, P Ͻ 0.006, respectively). Time-course studies revealed that glimepiride produces a significant effect on insulin receptor recycling by 24 h, with maximal effect occurring by 48 h and remaining constant for 72 h. The dose-dependent analysis of glimepiride effect revealed a maximal action at 20 mol/l, with half-maximal effect occurring at ϳ0.5 mol/l, which is slightly higher than the therapeutic concentration usually measured in the serum of patients with type 2 diabetes (0.2-0.4 mol/l).
Release of Intracellular Radioactivity. As shown in Fig. 3 , control cells released the intracellular radioactivity in a time-dependent manner. Of the internalized radioactivity, 50% (t 1/2 ) was released from cells by 22.5 min, and about 40% remained after 30 min. At each time studied, the rates of loss of internalized radioactivity were significantly increased in Hep-G2 cells cultured in the presence of glimepiride (Fig. 3) . Therefore, the t 1/2 of the release of internalized radioactivity was significantly lower in glimepiride-treated cells than in control cells (t 1/2 ϭ 11 Ϯ 2 versus 22.5 Ϯ 3 min, P Ͻ 0.03, respectively). Chromatography analysis of released radioactivity revealed three peaks (Fig. 4A) . The first peak eluted with the void volume and represents high-molecular-mass material that is still incompletely characterized. The second peak coeluted with intact 125 I-A 14 -monoiodoinsulin, whereas the third peak, which coeluted with the salt volume, represents low-molecular-mass degradation products. Analysis of material released from cells after 15 min of incubation, revealed that the percentage of total released radioactivity coeluting with intact insulin (peak II) was significantly higher in control cells than in glimepiride-treated cells (48 Ϯ 5 and 33 Ϯ 5%, P Ͻ 0.01, respectively) (Fig. 4) . After 15 min of incubation, the amounts of TCA-precipitable radioactivity (intact insulin) released by cells was significantly higher in control cells than in glimepiride-treated cells (50 Ϯ 4 and 39 Ϯ 6%, P Ͻ 0.01, respectively). These findings suggest that cells treated with glimepiride degrade insulin more effectively than control cells.
Dissociation of the Internalized Insulin-Receptor Complex and Receptor Down-Regulation. Because dissociation of insulin from its receptor is a prerequisite for both the recycling of the receptor to the cell-surface and the release of insulin from cells, an increase in the dissociation of the insulin-receptor complex may account for the effects of glimepiride on receptor recycling and insulin release. To test this hypothesis, the internalized 125 I-insulin remained bound 
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at ASPET Journals on September 20, 2017 molpharm.aspetjournals.org to the receptor was determined on the basis of its ability to precipitate in 25% PEG. Figure 5 shows the time course of the percentage of total intracellular radioactivity that was PEG-precipitable. The rate of intracellular dissociation was rapid, with maximal effect occurring after 20 min and remaining relatively constant up to 30 min. At each time studied, the extent of intracellular dissociation were increased in glimepiride-treated cells compared with control cells. After 20 min of incubation, when the dissociation of insulin-receptor complexes was maximal, 33% of the internalized radioactivity was PEG-precipitable with glimepiride-treated cells, thus indicating that 67% of the internalized insulin had dissociated from the receptor. In contrast, with control cells 42% of internalized radioactivity was PEG-precipitable, thus suggesting that a higher proportion of the internalized insulin remains bound to the receptor. An increased insulin receptor recycling without concomitant changes in receptor internalization would be expected to affect insulin-induced receptor down-regulation. To investigate this possibility, Hep-G2 cells cultured in the presence or absence of 20 mol/l glimepiride for 72 h were exposed to 100 nmol/l insulin for 8 h. As shown in Fig. 6 , insulin-induced receptor downregulation was significantly reduced in cells treated with glimepiride compared with control cells, thus indicating that glimepiride prevents receptor down-regulation during chronic insulin stimulation, presumably by increasing the rate of receptor recycling.
Association of the Insulin Receptor with PKC. There is evidence suggesting that PKC plays an important role in regulating the internalization and intracellular degradation of several tyrosine kinase receptors, including the insulin receptor (Seedorf et al., 1995; Formisano et al., 1998) . We therefore inquired whether the effect of glimepiride on the intracellular processing of the insulin-receptor complex was associated with changes in interaction between the insulin receptor and PKC. It has been reported that Hep-G2 cells express four PKC isoforms (␣, ␤, ⑀, and ) (Ducher et al., 1995) . We therefore tested the ability of these PKC isoforms to coimmunoprecipitate with the insulin receptor in Hep-G2 cells cultured in the presence or absence of 20 mol/l glimepiride for 72 h. Under basal conditions, PKC-␤ and -⑀ were coprecipitated with the insulin receptor in cells cultured in absence of glimepiride (Figs. 7 and 8 ). Upon stimulation of the cells with 100 nM insulin for 15 min, the amounts of PKC-␤II and -⑀ detected in insulin-receptor immunoprecipitates increased by 3.0-fold and 5.3-fold, respectively (Figs. 7  and 8 ). By contrast, PKC-␣, and -could not be detected in insulin receptor immunoprecipitates in either basal or insulin-stimulated cells (data not shown). In Hep-G2 cells cultured with glimepiride, the amounts of both PKC-␤II and -⑀ coprecipitated with the insulin receptor under basal condition were increased by 3.6-fold and 3.5-fold, respectively, compared with glimepiride-untreated cells (Figs. 7 and 8) . Upon stimulation of glimepiride-treated cells with 100 nM insulin for 15 min, the amounts of PKC-␤II and -⑀ coprecipitated with the insulin receptor increased by 2.4-fold and 1.7-fold, respectively, compared with glimepiride-untreated cells (Figs. 7 and 8 ). Time course of the insulin effect on insulin receptor-PKC coprecipitation was also affected by glimepiride. In cells cultured in the absence of glimepiride, the insulin effect was maximal after 15 min of exposure followed by a decline by 30 min. By contrast, in cells cultured in the presence of glimepiride, a considerable increase was observed after 5 min of exposure that reached a maximum after 30 min (Figs. 7 and 8) . Total PKC-␤II and -⑀ content was not affected by treatment with glimepiride ( Figs. 7 and 8,  top) .
Effects of PKC Inhibition and Cellular Depletion on Intracellular Processing of the Insulin-Insulin Receptor Complex.
To address the question of whether the increased association of the insulin receptor with PKC-␤II and -⑀ induced by glimepiride was involved in intracellular processing of the insulin-receptor complex, we analyzed insulin receptor recycling, release of intracellular insulin and its at ASPET Journals on September 20, 2017 molpharm.aspetjournals.org degradation products after cell depletion of TPA-sensitive PKCs (PKC-␤II and -⑀) or inhibition of PKC-␤II with G06976. As expected, treatment of cells with 1 M TPA almost completely abolished the amount of PKC-␤II coprecipitated with the insulin receptor (Fig. 9) . Furthermore, treatment of cells with 1 M TPA reduced by 60% expression of PKC-⑀ and decreased by 70% the amount of PKC-⑀ coprecipitated with the insulin receptor compared with glimepiride-treated cells (Fig. 9) . To determine whether insulin-induced PKC activation is required for its association with the insulin receptor, and to test the specificity of the PKC-␤II antibody used, the cells were incubated in the presence or absence of PKC-␤II inhibitor G06976, lysed, immunoprecipitated with anti-insulin antibody, and immunoblotted with a different PKC-␤II antibody (Santa Cruz). Treatment of cells with PKC-␤II inhibitor G06976 decreased the amount of PKC-␤II coprecipitated with the insulin receptor in response to insulin to the level observed in control cells (Fig. 10) , thus suggesting that activation of PKC-␤II is necessary for its interaction with the insulin receptor. Preincubation with TPA of glimepiridetreated cells almost completely reversed the effect of glimepiride to increase insulin receptor recycling and to accelerate the release of intracellular insulin. The recovery of initial 125 I-insulin binding was significantly decreased in cells treated with TPA ϩ glimepiride compared with cells treated with glimepiride alone (90 Ϯ 2 versus 111 Ϯ 6%, P Ͻ 0.006, respectively). Similar results were obtained when cells were preincubated with G06976 (96 Ϯ 1.5 versus 111 Ϯ 6% of initial binding values, P Ͻ 0.001, in G06976-treated and -untreated cells, respectively). The rate of loss of internalized radioactivity was significantly decreased in cells treated with TPA at each time studied (t 1/2 ϭ 11 Ϯ 2 and 19 Ϯ 3 min, P Ͻ 0.03, in TPA-untreated cells and TPA-treated cells, respectively) (Fig. 3) . Analysis of material released from cells after 30 min of incubation revealed that the amount of TCA precipitable radioactivity (intact insulin) was significantly higher in TPA-treated cells than in TPA-untreated cells (29 Ϯ 1 and 21 Ϯ 1%, P Ͻ 0.01, respectively), thus indicating that treatment with TPA reversed the effect of glimepiride to Hep-G2 cells cultured in the absence or presence of 20 mol/l glimepiride for 72 were exposed to 100 nM insulin for the indicated periods of time. The cells were lysed and equal amounts of proteins were immunoprecipitated with anti-insulin receptor antibody, separated by SDS-PAGE, transferred to nitrocellulose membrane, and Western immunoblotted with specific PKC-␤II antibody. Equal aliquots of the cell lysates were directly resolved by SDS-PAGE and Western immunoblotted with no previous precipitation (total lysates). Proteins were detected by using enhanced chemiluminescence, and band densities were quantified by densitometry. The autoradiographs shown are representative of three independent experiments. Hep-G2 cells cultured in the absence or presence of 20 mol/l glimepiride for 72 were exposed to 100 nM insulin for the indicated periods of time. The cells were lysed and equal amounts of proteins were immunoprecipitated with anti-insulin receptor antibody, separated by SDS-PAGE, transferred to nitrocellulose membrane, and Western immunoblotted with specific PKC-⑀ antibody. Equal aliquots of the cell lysates were directly resolved by SDS-PAGE and Western immunoblotted with no previous precipitation (total lysates). Proteins were detected by using enhanced chemiluminescence, and band densities were quantified by densitometry. The autoradiographs shown are representative of three independent experiments.
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at ASPET Journals on September 20, 2017 molpharm.aspetjournals.org promote intracellular insulin degradation. Similarly, after G06976 preincubation, the amount of TCA-precipitable radioactivity (intact insulin) released from cells was significantly higher in G06976-treated cells than in untreated cells (26 Ϯ 0.3 and 21 Ϯ 0.5%, P Ͻ 0.002, respectively). These findings suggest that glimepiride-induced PKC-insulin receptor association is required to route the insulin-receptor complexes toward the degradative compartment.
Effect of Glimepiride on Insulin-Stimulated Glucose Incorporation Into Glycogen. To investigate whether the effects of glimepiride on insulin-receptor complex processing were associated with changes in insulin action, insulin-stimulated glucose incorporation into glycogen was measured. As shown in Fig. 11 , insulin increased glucose incorporation into glycogen in cells cultured with or without glimepiride in a dose-dependent manner. However, in the basal state, glucose incorporation into glycogen was 1.36-fold higher in glimepiridetreated cells compared with untreated cells (0.46 and 0.34 nmol/ mg/min, P Ͻ 0.03, respectively). Treatment with glimepiride resulted also in a significant increase in insulin-stimulated incorporation of glucose into glycogen at any concentration tested (n ϭ 4; P Ͻ 0.001 by two-way analysis of variance). Maximal insulin stimulation was 2.4-fold higher in glimepiridetreated cells than in control cells. The insulin sensitivity, estimated as the concentration of insulin required for half-maximal stimulation of glucose incorporation into glycogen (ED 50 ), was significantly higher in cells treated with glimepiride than in untreated cells (ED 50 ϭ 4.2 versus 12 nM; P Ͻ 0.001, respectively). These results indicate that glimepiride increases both the responsiveness and the sensitivity to metabolic action of insulin. To address the question of whether PKC plays an important role in mediating the effects of glimepiride on glycogen synthesis, we analyzed insulin-stimulated glucose incorporation into glycogen after cell depletion of TPA-sensitive PKCs (PKC-␤II and -⑀) or inhibition of PKC-␤II with G06976. As shown in Fig. 11 , preincubation with TPA of glimepiridetreated cells almost completely reversed the effect of glimepiride to increase insulin-stimulated incorporation of glucose into glycogen at any concentration tested. Similarly, preincubation with G06976 inhibited the effect of glimepiride on insulin-stimulated glucose incorporation into glycogen (Fig. 11) .
Discussion
Previous studies on the extrapancreatic actions of sulfonylureas in cultured cells have focused on the effects of these drugs on glucose transport and metabolism (Rogers et al., 1987; Muller and Wied, 1993; Tsiani et al., 1995) . It has been reported that sulfonylureas directly stimulate glucose metabolism and potentiate insulin actions by enhancing GLUT-1 and GLUT-4 expression, translocation, and activation (Mul- Fig. 9 . Coprecipitation of the insulin receptor with PKC isoforms after TPA-induced depletion. Hep-G2 cells cultured in the absence or presence of 20 mol/l glimepiride for 72 were preincubated for 24 h with 1 M TPA, and further incubated in the presence or absence of 100 nM insulin for 30 min. The cells were lysed and equal amounts of proteins were immunoprecipitated with anti-insulin receptor antibody, separated by SDS-PAGE, transferred to nitrocellulose membrane, and Western immunoblotted with specific PKC-␤II and -⑀ antibodies (top). Equal aliquots of total cell lysates were directly resolved by SDS-PAGE and Western immunoblotted with specific PKC-⑀ antibody with no previous precipitation (bottom). Proteins were detected by using enhanced chemiluminescence, and band densities were quantified by densitometry. The autoradiographs shown are representative of three independent experiments. Fig. 10 . Coprecipitation of the insulin receptor with PKC-␤II isoform after treatment with PKC-␤II inhibitor G06976. Hep-G2 cells cultured in the absence or presence of 20 mol/l glimepiride for 72 were preincubated for 1 h with 2 M PKC-␤II inhibitor G06976, and further incubated in the presence or absence of 100 nM insulin for 30 min. The cells were lysed and equal amounts of proteins were immunoprecipitated with anti-insulin receptor antibody, separated by SDS-PAGE, transferred to nitrocellulose membrane, and Western immunoblotted with a specific PKC-␤II antibody (Santa Cruz). Proteins were detected by using enhanced chemiluminescence, and band densities were quantified by densitometry. The autoradiographs shown are representative of three independent experiments. ler and Wied, 1993; Tsiani et al., 1995) . Although most studies suggest that sulfonylureas exert these effects without affecting insulin binding (Bak et al., 1989) and insulin receptor tyrosine kinase activity (Jacobs et al., 1987) , it is not known whether these drugs affect other postbinding events. In an attempt to clarify this issue, we investigated the effects of glimepiride on insulin-induced receptor internalization, receptor recycling, and insulin degradation in Hep-G2 human hepatoma cell line. This cell line has been chosen as an in vitro model, because liver is a major site of insulin degradation in vivo, and sulfonylureas are extensively metabolized in the liver with the metabolites and the parent drug being eliminated mainly in the urine. In addition, Hep-G2 human hepatoma cells are well differentiated, possess a large number of insulin receptors, maintain intracellular function and cell integrity after exposure to acid treatment, and have been widely used for studies on insulin action (Podskalny et al., 1985; McClain and Olefsky, 1988) . We found that both recycling of the insulin receptor to the plasma membrane and release of intracellular processed insulin were increased in cells treated with glimepiride compared with control cells. This effect was dose-and time-dependent, requiring several hours of exposure to the drug. The effect of glimepiride was not associated with changes in insulin binding and insulinreceptor internalization, which is in accordance with results of previous studies (Jacobs et al., 1987; Bak et al., 1989) . Glimepiride did not affect the ability of insulin to stimulate tyrosine phosphorylation of its receptor or activation of IRS-1 or IRS-2. Furthermore, glimepiride did not alter expression of the two insulin receptor isoforms, thus arguing against an explanation that increased expression of the Ex11 ϩ insulin receptor isoform, which is known to possess slower rates of internalization and recycling (Yamaguchi et al., 1991) , may account for the present results. Because the dissociation of insulin from its receptor is an essential step to allow both recycling of the receptor to the cell surface and release of processed insulin from the cell interior, an increased dissociation of insulin from the receptor within the endosome is one possible explanation for the results observed in cells treated with glimepiride. The present data obtained using a previously validated PEG-based assay (Levy and Olefsky, 1988) are consistent with this hypothesis. Therefore, in cells treated with glimepiride, an increased dissociation of insulin from its receptor results in both enhanced degradation of the internalized insulin and increased release of degradation products. As a consequence, a higher proportion of the internalized receptor is recycled back to the plasma membrane thus preventing receptor down-regulation during chronic insulin stimulation. To our knowledge, these findings provide the first direct evidence in cultured cells supporting a role for sulfonylureas in the intracellular processing of the insulinreceptor complex. Obviously, we cannot rule out that other explanations might account for the present results. For example, it has been reported that in the rat hepatoma cell line Fao, dissociation and degradation of internalized insulin occur in the endosomes, where insulin degradation facilitates insulin dissociation by reducing the endosomal concentration of intact insulin (Backer et al., 1990) . Thus, glimepiride may mainly increase intracellular insulin degradation in the endosomal compartment that, in turn, increases the extent of ligand dissociation from the receptor. Alternatively, although we could not detect any changes in the relative abundance of the two insulin receptor isoforms, we cannot exclude the idea that subtle differences in insulin-receptor binding affinity may affect the sensitivity of the internalized insulin-receptor complex to modifications in pH, thus altering the rate at which insulin dissociates from its receptor.
The biochemical signals that determine intracellular routing of the insulin receptor are not completely defined. Recently, it has been reported that interaction of PKCs with the insulin receptor may have an important role in regulating intracellular sorting of the internalized insulin-receptor complexes . We found that glimepiride increased the insulin-induced association of PKC-␤II and -⑀ with the insulin receptor without affecting total cellular content. Cellular depletion of PKCs by treatment with TPA reduced the amounts of PKC-␤II and -⑀ coprecipitating with the insulin receptor upon insulin stimulation. Moreover, treatment with TPA almost completely reversed the effect of glimepiride to increase insulin receptor recycling, release of intracellular insulin, and degradation of intracellular insulin. Treatment of cells with PKC-␤II inhibitor G06976 also inhibited insulin-induced coprecipitation of PKC-␤II with the insulin receptor, suggesting that the insulin-induced activation of this PKC isoform is necessary to allow its subsequent association with the receptor. G06976 treatment of the cells also reversed the effect of glimepiride on insulin-insulin receptor processing. Based on the present and previous results , it is reasonable to speculate that sulfonylureas may regulate the intracellular sorting of the insulin-receptor complexes toward the degradative compartment by a mechanism that involves PKCs, thus unveiling an important biochemical and functional link between PKC system and the insulin receptor.
A question that arises from the present results is whether the effects of sulfonylurea on the processing of the insulinreceptor complex are relevant to in vivo insulin action. Previous in vivo and in vitro investigations have provided substantial evidence for a relationship between insulin action and intracellular processing of insulin and its receptor (Ferrannini et al., 1982; Flier et al., 1982; Peavy et al., 1984; Veda et al., 1985; Jochen and Berhanu, 1987; Miller, 1988) . Furthermore, it has been suggested that abnormalities in insulin receptor recycling and intracellular processing of the insulinreceptor complex might contribute to impair insulin action in patients with type 2 diabetes mellitus (Jochen et al., 1986; Grunberger et al., 1989; Trischitta et al., 1989; Benzi et al., 1990 Benzi et al., , 1997 Sesti et al., 1996) . We found that treatment with glimepiride causes an increase in both insulin sensitivity and responsiveness for glucose incorporation into glycogen. Exposing cells to TPA or G06976 inhibitor reversed these effects. These findings are consistent with those of a preliminary study showing that the reduced intracellular degradation of insulin observed in isolated monocytes from patients with type 2 diabetes mellitus can be ameliorated by sulfonylurea treatment in parallel with improvement of glucose tolerance (Ciccarone et al., 1987) . However, because the 2.4-fold increase in insulinstimulated incorporation of glucose into glycogen was not associated with a proportionate increase in intracellular insulin processing, it is likely that glimepiride also affects additional cellular processes that influence glucose metabolism such as glucose transport (Muller and Wied, 1993) .
Receptor-mediated insulin endocytosis is the principal mechanism for insulin clearance from the blood, and evi- dence has been provided that this process is impaired in patients with type 2 diabetes (Jochen et al., 1986; Grunberger et al., 1989; Trischitta et al., 1989; Benzi et al., 1990 Benzi et al., , 1997 . Thus, regulation by sulfonylureas of intracellular processing of insulin might have profound pathophysiological consequences by modulating the concentration of insulin in the peripheral circulation and avoiding the deleterious effects of hyperinsulinemia. Taken together, these data raise the possibility that sulfonylurea-induced changes in the intracellular processing of insulin and its receptor may have a role in improving insulin action in peripheral tissues.
In conclusion, increased routing of the internalized insulin toward the degradative compartment involving the interaction of the insulin receptor with PKC isoforms might represent a novel mechanism of action of sulfonylureas. Given the evidence for a relationship between the biological activity of insulin and the intracellular processing of insulin and its receptor, the present results may have a therapeutic impact on the treatment of insulin-resistant states.
